Accumulating studies demonstrate that IL-21 modulates the differentiation of various CD4 and CD8 T cell subsets and provide insights into the underlying cellular and molecular processes that are influenced by this cytokine. Intriguingly, the effects of IL-21 on T cells can be complex and vary depending on the experimental system used. We review our current understanding of the roles of IL-21 in the generation of phenotypically distinct CD4 and CD8 T cell populations and discuss the potential environmental cues, cellular factors, and molecular mediators that impact the actions of IL-21. We propose that IL-21 acts in a context-dependent manner to accentuate T cell subset development.
IL-21 has been shown to be produced by natural killer T (NKT) cells [1] . Additionally, IL-21 is synthesized by various CD4 T cell subsets including Th17 cells, follicular helper T (Tfh) cells, and Th9 cells as well as by CD8 T cells under certain conditions such as during HIV infection [2] [3] [4] . The manufacture of IL-21 is induced by T cell receptor (TCR) signaling, costimulation, and cytokines including IL-1b, IL-6, and IL-27 as well as by IL-21 itself and is controlled by the transcription factors c-Maf and interferon regulatory factor 1 (IRF1) [4] [5] [6] [7] [8] . Notably, the timing, longevity, and levels of IL-21 production can vary as for example, increased and prolonged IL-21 synthesis is observed during chronic compared with acute lymphocytic choriomeningitis virus (LCMV) infection [9] . Moreover, IL-21 transcript levels are upregulated in antigen-specific CD8 T cells by 12 h following Listeria monocytogenes infection, suggesting that IL-21 is transiently induced early during the activation process [10] . IL-21 signals through the Janus kinase (JAK)-signal transducer and activator of transcription (STAT), mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI3K)-AKT pathways and primarily activates STAT3 but can also activate STAT1, STAT5A, and STAT5B [11] , as well as STAT4 in human T cells [12] . Notably, IL-21 has broad immunological actions and can regulate NKT cells, macrophages, and dendritic cells as well as plays a key role in promoting B cell and antibody responses [2, 3] . In this review we focus on the diverse roles of IL-21 in the differentiation of CD4 and CD8 T cell populations. Trends IL-21 accentuates the differentiation of multiple CD4 and CD8 T cell subsets, including the more recently characterized Th9, Tfr, and IL-22-producing CD4 T cell populations and also possibly CD8 Trm cells.
Emerging evidence suggests that the effects of IL-21 on T cell differentiation are context dependent and vary with the infection, inflammation, and cytokine milieu. Certain cytokines, such as IL-6 and IL-10, as well as antigenic signals may compensate for IL-21 under certain circumstances.
The reciprocal balance between STAT1 and STAT3 is important in dictating the outcome of IL-21 signaling and the expression of IL-21-associated genes.
The function of IL-21 in CD8 T cells is especially prominent during chronic viral infections. IL-21 sustains CD8 T cells in chronically infected hosts in part by upregulating the expression of the transcription factor BATF. IL-21 has been documented to regulate the differentiation and function of several CD4 T cell subsets including Th1 cells [13] [14] [15] , Th2 cells [16] [17] [18] [19] , Th17 cells [20] [21] [22] , regulatory T (Treg) cells [23, 24] , type 1 regulatory T (Tr1) cells [7, 25] , and Tfh cells [26, 27] . Moreover, IL-21 also plays roles in the differentiation of Th9 cells [28] and follicular regulatory T (Tfr) cells [29] as well as the production of IL-22 by CD4 T cells [30] [31] [32] . The functional significance of IL-21 in regulating CD8 T cell responses is highlighted by its essential role in sustaining antiviral CD8 T cells during chronic LCMV infection [9, 33, 34] . Additionally, IL-21 cooperates with IL-10 to promote the maturation of memory CD8 T cells via the transcription factor STAT3 [35] . Following certain infections, IL-21 is also required for the generation of effector CD8 T cells [36] and for the optimal recall responses of memory CD8 T cells [37] [38] [39] .
Although IL-21 clearly plays pivotal roles in peripheral T cell differentiation, mixed and sometimes conflicting results have been reported. For example, several studies have questioned the stringency for the requirement of IL-21 for the generation of Th2, Th17, and Tfh cells [40] [41] [42] [43] [44] [45] [46] [47] . Furthermore, a growing body of work demonstrates that IL-21 may play opposing or dispensable roles in influencing CD8 T cell responses during various infections including LCMV, vaccinia virus, adenovirus, influenza virus, and Encephalitozoon cuniculi [9, [33] [34] [35] [36] [37] [38] [39] [47] [48] [49] . These studies raise the possibility that the effects of IL-21 may be modulated by additional variables such as environmental cues and the differentiation state of responding T cell populations. This implies that cell-intrinsic and -extrinsic parameters guide the biochemical interpretation of IL-21 signals by T cells and thereby direct downstream changes in transcriptional regulators that control cell fate decisions and developmental outcomes. We discuss recent publications that have begun to decipher the factors that influence the outcome of IL-21 signaling in T cells and anticipate future studies into the mechanisms underlying the apparently complex functions of IL-21.
IL-21 and the Differentiation of CD4 T Cell Subsets
IL-21 plays important roles in the differentiation of almost every major CD4 T cell subset characterized so far ( Figure 1A ). To achieve this, IL-21 signals must be integrated with other lineage-specific pathways that regulate the developmental fates of the responding CD4 T cells. IL-21, Treg Cells, and Th17 Cells IL-21 plays opposing roles in the formation of Th17 and Treg cells. IL-21 cooperates with transforming growth factor beta (TGFb) to accentuate the development of Th17 cells while restricting the differentiation of Treg cells [20] [21] [22] . This role can also be fulfilled by IL-6 [50] , which functions in part by inducing the production of IL-21 by Th17 cells, which in turn enforces the Th17 differentiation program independently of IL-6 [20] [21] [22] . By contrast, IL-21 can act directly on Treg cells to suppress their expansion and also indirectly by inhibiting IL-2 production by non-Treg cells [23, 24] . Thus, IL-21 can promote potentially pathogenic responses by both facilitating Th17 differentiation and curtailing Treg expansion. Conversely, induction of IL-21 by IL-27 can elicit IL-10 production by Tr1 cells, which exert immunosuppressive effects [7, 25] . Thus, the priming conditions can influence the actions and importance of IL-21.
The necessity for IL-21 to drive pathogenic Th17 responses is also variable and influenced by the inflammatory setting. It was initially reported that the incidence of experimental autoimmune encephalomyelitis (EAE) and levels of Th17 responses were reduced in IL-21-deficient mice following immunization with myelin oligodendrocyte glycoprotein (MOG) peptide and complete Freund's adjuvant (CFA) to induce active disease [20] . Nevertheless, subsequent reports suggested that IL-21 is dispensable for the differentiation of Th17 cells and that the loss of IL-21 signals worsens rather than alleviates the disease [41, 42] . Intriguingly, a recent publication suggests that IL-21 is required for the development of spontaneous but not active EAE [32] . Since CFA is required to induce active EAE but not spontaneous disease, this highlights the potential role of the inflammatory milieu in modifying or bypassing the influence of IL-21 signals.
IL-21, Tfh Cells, and Tfr Cells
The production of high-affinity antibodies relies on optimal germinal center (GC) reactions to allow B cells to undergo somatic hypermutation, affinity-based selection, and class switch recombination [51] . Tfh cells are essential for the formation and maintenance of GCs and their differentiation relies on the transcriptional regulators B cell lymphoma 6 (Bcl6) and STAT3, which are both mobilized by IL-21 [52] . Accordingly, it has been suggested that IL-21 is essential for Tfh cell development [26, 27] ; however, other studies indicate that IL-21 has modest, if any, impact on the formation of this subset following protein immunization or viral infections [43] [44] [45] [46] [47] . Tfh cell differentiation is also regulated by IL-6, which is likely to compensate for IL-21 under certain circumstances [52] . During acute LCMV and influenza virus infections Tfh cell development is more severely impaired by the absence of both IL-21 and IL-6 than by the loss of either cytokine alone [46, 47] . Moreover, stronger TCR signals may also partially rescue the IL-21-dependent induction of Tfh cells [26] . Collectively, these findings further demonstrate the interplay between IL-21 and other cellular, inflammatory, and antigenic signals in dictating the developmental direction of the response.
Tfr cells are a subset of Treg cells that share certain properties with Tfh cells and also localize to the GC, but unlike their Tfh counterparts Tfr cells exert suppressive effects on GC reactions [53] [54] [55] autoimmune-prone BXD2 mouse model, that IL-21 selectively supports Tfh cells while restricting Tfr cell responses resulting in higher Tfh-to-Tfr cell ratios, which may contribute to the generation of autoimmune antibody responses [29] . Further studies are necessary to determine whether IL-21 influences the balance of Tfh and Tfr cells during infections and whether this influences pathogen-specific humoral immunity.
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IL-21 and Th9 Cells
Th9 cells are characterized by the production of their signature cytokine IL-9 and contribute to allergic and inflammatory diseases as well as provide protective immunity against helminth infections and cancer [56] . IL-21 has been shown to counteract IL-2-induced IL-9 production under polarizing conditions in vitro by promoting the expression of the transcriptional regulator Bcl6, which may inhibit the generation of Th9 cells by competing with STAT5 [28] . Since Th9 cells can be induced to produce IL-21, they may self-regulate by manufacturing this cytokine [4] . Although the production of IL-21 by Th9 cells may inhibit IL-9 synthesis, it can also indirectly augment their antitumor activities by stimulating the output of interferon gamma (IFNg) by NKT and CD8 T cells [4] , highlighting the pleiotropic roles of IL-21 in positively and negatively regulating immune responses.
IL-21 and IL-22-Producing CD4 T Cells IL-21 promotes the production of IL-22 by CD4 T cell populations [30] [31] [32] . Yeste et al. demonstrated that IL-21 induces the expression of the transcription factors retinoic acid receptor-related orphan receptor (ROR)-gt and aryl hydrocarbon receptor (AhR), which drive the production of IL-22 [31] . In addition, STAT3 activated by IL-21 facilitates histone acetylation of the Il22 promoter and AhR recruitment [31] . Thus, IL-21 can indirectly leverage the expression of target genes such as Il22 and thus influence T cell differentiation and function by modulating chromatin accessibility. Conversely, the outcome of IL-21 signaling may also rely on the chromatin landscape of the responding cell, which impacts the binding of IL-21-activated transcription factors such as STAT3.
IL-21 and Th1 and Th2 Cells IL-21 has been reported to inhibit the differentiation of IFNg-producing Th1 cells in both human and murine systems, which has been attributed to the downregulation of the transcriptional regulator STAT4 and the T-box transcription factor eomesodermin (Eomes) [13] [14] [15] . Interestingly, IL-21 may enhance the expression of Th1-associated molecules including IFNg and T-bet by human T cells preactivated by TCR stimulation and IL-2, supporting the notion that the effects of IL-21 may vary according to the differentiation state of the responding T cells [57] . By contrast, IL-21 has been implicated in promoting Th2 responses during infections with the helminth parasites Schistosoma mansoni and Nippostrongylus brasiliensis [16, 17] . Additionally, in the house dust mite (HDM) challenge model of asthma IL-21 is produced by both Tfh and non-Tfh cells and drives Th2 responses in a cell-intrinsic manner [19] . Notably, recent studies suggest that Th2 cells that arise following exposure to HDM antigens are derived from IL-4-committed IL-21 + Tfh cells [58] . Accordingly, whether IL-21-producing non-Tfh cells also originate from Tfh/Tfh-like precursors or develop independently of the Tfh lineage warrants further investigation. Conflicting findings showing that IL-21 is and is not required for the production of the Th2 signature cytokine IL-4 have, however, been reported during Heligmosomoides polygyrus infections [17, 40] . Since STAT3 cooperates with STAT6 to enhance Th2 differentiation [59] it will be interesting to determine whether IL-21 acts via STAT3 to elicit Th2 immunity and whether this accentuating ability is dependent on STAT6 activity.
IL-21 and CD8 T Cell Differentiation and Maintenance
Paralleling the effects on CD4 T cell responses, IL-21 also has variable effects on the proliferation, differentiation, function, and survival of CD8 T cell subsets ( Figure 1B) . The requirements for IL-21 are more rigid during certain chronic infections and under homeostatic conditions, suggesting that IL-21 is of greater importance when the availability of other differentiation factors is limited or perhaps when antigenic activation is sustained.
IL-21 and CD8 T Cell Differentiation during Acute Infections
The impact of IL-21 on CD8 T cell responses during acute infections is pathogen dependent and generally limited. The development of effector and memory CD8 T cells is largely IL-21 independent following acute LCMV infection [9, 33, 34] ; however, IL-21 can enhance the production of IL-2 and promotes secondary recall responses during rechallenge under competitive conditions in mixed bone marrow chimeras [37] . Although Fröhlich et al. demonstrated that IL-21 is dispensable for priming vaccinia virus-specific CD8 T cell responses [34] , other studies reported that it increases the abundance of memory CD8 T cells and regulates their ability to mount secondary responses [38] . Additionally, IL-21 may promote the survival of CD8 T cells during the early phase of vaccinia virus infection by upregulating the expression of B cell lymphoma 2 (Bcl2) and Bcl-xL in a STAT1-and STAT3-dependent manner [39] . IL-21 also bolsters antiviral CD8 T cells and programs recall responses during adenovirus infections [38] . Notably, CD8 T cells primed by adenovirus infection in the absence of IL-21 signaling express higher levels of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), which is likely to contribute to their poor ability to accumulate following rechallenge [38] , mirroring the phenotype of 'helpless' CD8 T cells generated under CD4 T cell-deficient conditions [60] .
IL-21 has also been shown to act in conjunction with IL-10 to promote memory CD8 T cell development. In the absence of both IL-21 and IL-10, reduced frequencies of CD127 high killer cell lectin-like receptor G1 (KLRG1) low memory precursor cells (MPCs) are detected following acute LCMV infection, indicative of impaired maturation of memory CD8 T cells [35] . These studies suggest that IL-21 and IL-10 play redundant roles in activating STAT3, which drives the differentiation of memory CD8 T cells [35] . Although IL-6 also activates STAT3 and cooperates with IL-21 to promote the differentiation of CD4 Tfh cells, the loss of IL-6, IL-21, or both does not impair the development of antiviral CD8 T cell responses following influenza infection, further illustrating the context-dependent requirements for IL-21 [34, 47, 48] .
IL-21 and CD8 T Cell Exhaustion
Sustained antigenic activation associated with persistent infections and tumor outgrowth may drive the development of T cell exhaustion, which is characterized by the progressive deterioration of T cell functions and the expression of multiple inhibitory receptors, which can result in the deletion of the T cell population [61] [62] [63] . Several reports have shown that IL-21, likely to be produced by CD4 T cells, acts directly on antiviral CD8 T cells to support their responsiveness and limit exhaustion during chronic LCMV infection [9, 33, 34] . Since exhausted CD8 T cells downregulate CD127 (IL-7R/) and CD122 (IL-15Rb) [64, 65] , this suggests that IL-21 may be crucial for the maintenance of CD8 T cells when IL-7 and IL-15 signals are insufficient. [66] [67] [68] . Similarly, during HIV-1 infections higher levels of IL-21 production by CD4 and CD8 T cells are associated with enhanced CD8 T cell functions and lower viral loads [69] [70] [71] [72] . IL-21 enhances the cytotoxicity of HIV-specific CD8 T cells in vitro by promoting their production of perforin and degranulation [72, 73] and the administration of exogenous IL-21 promotes the effector functions of antiviral CD8 T cells in rhesus macaques during simian immunodeficiency virus (SIV) infection, although no impact on viral loads were detected [74] . Interestingly, HIVspecific IL-21-producing CD4 T cells in the peripheral blood resemble Tfh cells and enhance CD8 T cell and B cell responses in vitro [75] . Thus, during certain persistent infections IL-21 levels regulate the quantity and quality of the CD8 T cell response.
During hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, increased IL-21 levels and IL-21-producing CD4 T cells are associated with better antiviral CD8 T cell responses and viral control
Recent studies by Xin et al. revealed that IL-21 maintains functional CD8 T cells during chronic LCMV infection by sustaining the expression of the transcription factor basic leucine transcription factor ATF-like (BATF) via the activation of STAT3 [76] . In vitro studies further indicate that IL-21-induced BATF cooperates with IRF4 to induce the expression of the transcriptional regulator B lymphocyte-induced maturation protein 1 (Blimp1) [76] , which can both enhance the effector functions of CD8 T cells [77] [78] [79] and exacerbate exhaustion and the expression of inhibitory receptors [78] . BATF-deficient virus-specific CD8 T cells express lower levels of the inhibitory receptors PD-1 and 2B4 [76] . Therefore, it will be important to pinpoint how the IL-21-STAT3-BATF axis controls the levels of Blimp1 and how its regulatory activities are influenced by the degree of antigenic stimulation and presence of other activating or inhibitory signals.
IL-21 and CD8 T Cell Differentiation under Homeostatic and Lymphopenic Conditions
Early studies indicated that IL-21 supports the expansion of T cells in lymphopenic non-obese diabetic mice [80] . Our laboratory has further demonstrated that IL-21 can directly promote the generation and/or maintenance of effector-phenotype CD8 T cell populations during homeostasis or lymphopenia [49] . This is consistent with the recently reported role of IL-21 in supporting the differentiation of terminal effector CD8 T cells (TECs), which express high levels of KLRG1 during the acute phase of E. cuniculi infection [36] .
Under lymphopenic and homeostatic conditions, IL-21 also increases the accumulation of CD8 T cells in non-lymphoid organs as well as the differentiation of CD8 T cells in the small intestine that express CD69, CD103, and granzyme B, properties associated with tissue-resident memory T (Trm) cell populations [49] . Similar to exhausted CD8 T cells, Trm cells have been reported to express low levels of CD122 and CD127 [81] [82] [83] , again supporting the notion that IL-21 may more significantly contribute to T cell differentiation and maintenance when IL-7 and IL-15 signals are limiting.
Interestingly, IL-21 is associated with increased expression of the chemokine receptor CX3CR1 and integrin /4b7 on T cells, which may influence their migratory patterns, and in vitro studies suggest that IL-21 may amplify or substitute for retinoic acid (RA) signals to induce /4b7 [49] , which is further supported by the observation that IL-21 and RA synergistically promote /4b7 expression on B cells [84] . These requirements for IL-21 can be overridden by acute LCMV infection, but LCMV-primed memory CD8 T cells still require IL-21 for optimal accumulation in tissues during lymphopenia-induced homeostatic proliferation [49] . This further highlights how the levels of antigenic signaling and the presence of other homeostatic and/or inflammatory cytokines, as well as the differentiation state of the responding cells, are likely to modulate the requirements for, and effects of, IL-21.
Integrating and Interpreting IL-21 Signals
The presence of IL-21 can clearly sway the establishment of both CD4 and CD8 T cell subsets, but the impact and stringency varies. This implies that IL-21 commands can be directed, amplified, or perhaps nullified by the local environmental milieu and cellular conditions. In addition, the anatomical placement of IL-21-producing cells dictates the regional availability and concentrations of this cytokine, further influencing its potential effects. The engagement of IL-21 with its receptor activates several signaling and transcriptional pathways in T cells, including JAK-STAT cascades involving STAT3 as well as STAT1, STAT5A, and STAT5B. The influence of IL-21 on STAT4 activity in T cells is more complex, as some studies show that IL-21 activates STAT4 [12] while others suggest that IL-21 inhibits the expression and IL-12-induced activation of STAT4 [13, 35] . STAT transcription factors can have asymmetric actions [85] and recently Wan et al. reported that IL-21 has variegated effects on CD4 T cell gene expression via STAT1 and STAT3 (Figure 2) [86] . While IL-21 induces the phosphorylation of both STAT1 and STAT3, the activation of STAT1 is enhanced by the absence of STAT3, possibly due to decreased expression of suppressor of cytokine signaling (SOCS)-1 and 3 [86] . Consequently, in IL-21-activated CD4 T cells, ablation of STAT3 leads to higher expression of STAT1-stimulated genes that have been implicated in T cell differentiation and function, including T-bet and IFNg [86] . Conversely, in the absence of STAT1 the expression of STAT3-regulated genes, such as IL-21 itself, are increased [86] . Thus, the interplay between STAT1 and STAT3 is one mechanism that governs the outcome of IL-21 signaling in CD4 T cells. Notably, the collaborative and differential effects of STAT3 and STAT1 on gene expression have also been elegantly demonstrated during IL-6 and IL-27 signaling in CD4 T cells [85] .
In addition to STAT proteins, IL-21 influences the expression of multiple downstream transcription factors that dictate the differentiation state and lineage fitness of CD4 and CD8 T cells, including T-bet, Eomes, Bcl6, and Blimp1 [14, 35, [86] [87] [88] [89] [90] . In CD4 T cells, T-bet and Eomes promote the production of IFNg, with T-bet being essential for the differentiation of Th1 cells STAT3, which can differentially regulate gene expression and counteract each other. Additionally, IL-21 has been shown to impact STAT4 and STAT5 activities. STAT3 induces suppressor of cytokine signaling (SOCS) 1 and SOCS3 as well as the expression of IL-21-driven genes, including IL-21 itself. Conversely, the expression of STAT1-regulated genes such as T-bet and interferon gamma (IFNg) is further elevated in IL-21-activated CD4 T cells by the absence of STAT3. Thus, the actions of IL-21 may depend on the relative expression and activity of STAT1 and STAT3. Since the binding of STAT3 to many of its target sites relies on IRF4, other transcription factors (TFs) also influence the interpretation of IL-21 signals. Notably, IL-21 also leverages the expression of other transcription regulators that control T cell fate decisions and lineage fitness, including B cell lymphoma 6 (Bcl6), B lymphocyte-induced maturation protein-1 (Blimp1), eomesodermin (Eomes), T cell factor-1 (TCF-1), and lymphoid enhancer-binding factor-1 (LEF-1). Abbreviation: IRF4, interferon regulatory factor 4.
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Key Figure
The including IL-6, IL-10, IL-2, and IL-7 as well as IL-15 activate overlapping and distinct STAT proteins that cooperate with, counteract, or compensate for IL-21. Suppressor of cytokine signaling (SOCS) proteins, which attenuate STAT activation, provide an additional level of regulation. IL-21 may integrate with T cell receptor (TCR) signals via the PI3K-AKT pathway, which can culminate in the activation of mammalian target of rapamycin (mTOR), which is also sensitive to nutrient levels and plays important roles in T cell metabolism and differentiation. In addition, mTOR has been shown in CD8 T cells to promote the expression of interferon regulatory factor 4 (IRF4), which is necessary for STAT3 binding to many of its target sties. IL-21 can also promote proliferative responses by activation of MAPK. Thus, antigenic signals, other cytokines, and the metabolic status of the responding cell are all likely to contribute to the eventual outcome of IL-21 signaling. Finally, the epigenetic profiles of target genes and the binding of transcriptional regulators may mutually influence each other, adding to the cell type-dependent control of the magnitude and patterns of gene expression that dictate the differentiation, plasticity, and survival of the responding cells. Abbreviation: RAGs, RAS-related GTP-binding protein family of small GTPases. [14, 91] , whereas Bcl6 and Blimp-1 reciprocally regulate the differentiation of Tfh cells [92] . In terms of CD8 T cells, while Eomes and Bcl6 promote the differentiation of central memory CD8 T cells, T-bet and Blimp-1 drive the terminal differentiation of effector CD8 T cells [93] . Therefore, IL-21 can play diverse roles in the differentiation and fate decisions of CD4 and CD8 T cells via these transcription factors and the outcome of IL-21 signaling may rely on their relative abundance. Moreover, IL-21 also increases the expression of T cell factor-1 (TCF-1) and lymphoid enhancer-binding factor-1 (LEF-1) [88] , which upregulate Eomes in CD8 T cells and cooperate to promote memory formation [94] and are also required for the differentiation of CD4 Tfh cells by increasing the expression of Bcl6 while concurrently suppressing Blimp1 expression [95] .
Distinct cell type-dependent signaling scenarios are further highlighted by the observation that the increase in IL-21-induced STAT1 activation is much less pronounced in STAT3-deficient CD8 T cells compared with CD4 T cells [86] . Thus, other mechanisms must be more dominant in CD8 T cells to direct the actions of IL-21. Additional players may include STAT5A and STAT5B, which regulate the differentiation of both CD4 and CD8 T cells. In CD4 T cells, STAT5 has been reported to compete with STAT3 binding to the Il17a-Il17f and Bcl6 loci, consequently limiting their expression [96, 97] , which is consistent with the observation that STAT3 and STAT5 play opposing roles in the differentiation of Th17 and Tfh cells [96, 98, 99] . For CD8 T cell responses, STAT5 is critical for the expansion of effector cells and promotes the survival of both MPCs and TECs [100] [101] [102] , while STAT3 preferentially supports the maturation of MPCs [35] . Thus, it is plausible that the asymmetric actions of STAT3 and STAT5 may also dictate the outcome of IL-21 signals.
IL-21 not only operates via the JAK-STAT pathway but also activates the PI3K-AKT and MAPK signaling cascades, both of which are involved in IL-21-induced CD8 T cell proliferation [11] . Intriguingly, the PI3K-AKT pathway activates mammalian target of rapamycin (mTOR), which regulates T cell metabolism and differentiation, and the crosstalk between mTOR and STAT proteins plays important roles in T cell differentiation [103] . Thus, it is plausible that IL-21 may exert some of its effects on T cell differentiation and potentially metabolism via the PI3K-AKT-mTOR pathway. Interestingly, IL-21-induced STAT3 binding to DNA is severely curtailed in the absence of IRF4 [89] . Since TCR signals regulate the expression of IRF4 at least partially via mTOR in CD8 T cells [104, 105] , this may couple the actions of IL-21 with the strength and duration of antigenic activation. Taking these findings together, we propose a model where transcriptional regulators including STAT proteins integrate IL-21 signals with numerous cellular and environmental parameters and ultimately direct the T cell differentiation program (Figure 3 , Key Figure) .
Concluding Remarks
Since its identification in 2000 [106] , much has been discovered about the pleiotropic effects of IL-21 on CD4 and CD8 T cell differentiation. The functions of IL-21 are varied, context dependent, and dispensable in certain settings. From a molecular perspective, the framework of STAT proteins and their collaborators is important in dictating the effects of IL-21. Therefore, environmental and cellular conditions that alter the balance between STAT constituents and other transcription factors may have a strong impact on the interpretation of IL-21 signals. Thus, a detailed definition of the cellular and molecular elements that steer the effects of IL-21 is now required (see Outstanding Questions). Addressing this is important, as IL-21 is associated with a diverse range of diseases including several allergic, autoimmune, and inflammatory diseases such as systemic lupus erythematosus, rheumatoid arthritis, and Crohn's disease [3] . Thus, targeting IL-21 may be beneficial in such settings and this is being clinically tested [3] . Blocking IL-21 may also be advantageous for combating certain tumors, such as multiple myeloma and Hodgkin's lymphoma, as IL-21 has been shown to serve as a proliferative and/or prosurvival
Outstanding Questions
How do the immunological disruptions caused by infections and inflammation influence the actions and requirements for IL-21?
When is IL-21 induced during distinct immune responses to influence T cell differentiation?
What are the spatial locations and physiologically relevant cellular sources of IL-21 within lymphoid and non-lymphoid organs?
How does immunization-induced inflammation offset the necessity for IL-21 to drive pathogenic Th17 responses and EAE?
What factors are induced during acute infections to overcome the requirements for IL-21 to promote the differentiation of Tem and Trm cells and induce the expression of the chemokine receptor CX3CR1 and integrin /4b7?
How do the relative levels of STAT and SOCS proteins within normal T cell populations direct the outcomes of IL-21 signaling?
How do the epigenetic features of IL-21-associated genes influence the outcomes of IL-21 signaling?
Why are the requirements for IL-21 more stringent during persistent infections that cause T cell exhaustion? Is it because the balance between STAT3 and STAT5 is skewed due to decreased IL-7 and IL-15 signals that mainly activate STAT5? In addition to BATF, does IL-21 control the levels of other transcriptional regulators that alleviate exhaustion?
Does IL-21 modulate mTOR activity via the PI3K-AKT pathway in T cells and thus influence their metabolism?
Does IL-21 act in conjunction with other STAT activators such as type I IFN to modulate T cell responses during persistent viral infections?
Does IL-21 promote antiviral antibody responses by modulating Tfr cells? What are the functions of Tfr cells in the generation of protective virusspecific antibodies? factor for these malignant cells [107] [108] [109] . Conversely, IL-21 plays a role in controlling infectious diseases and many cancers and maintaining host immunocompetence. The administration of recombinant IL-21 to certain cancer patients has had mixed outcomes [3] . Nevertheless, since the functions of IL-21 are influenced by multiple parameters, combination therapies, which consider the context, are worth exploring. Such strategies could include the incorporation of checkpoint inhibitors, additional cytokines, or other approaches. Combined use of IL-21 with the B cell-depleting antibody rituximab (anti-CD20) achieved an overall response rate of 42% in patients with indolent B cell malignancies [110] . In summary, future investigations into the regulation of T cell differentiation by IL-21 may reveal strategies for fine-tuning the actions of IL-21 that can be practically applied to improve immunity or curb pathogenic responses.
